We compared three methods for deriving communication viewsheds, which indicate the coverage areas for transmitter points from high-resolution digital surface models. Communication viewsheds were analyzed with a novel 3D Fresnel zone method, as well as line-of-sight (LOS) analysis and 2D Fresnel zone analysis, using high-resolution digital surface models (DSM) from a topographical survey. A LOS analysis calculates a visibility index by comparing the profile elevations of landforms between the transmitter and the receiver, using LOS elevations. A 2D Fresnel zone analysis calculates a 2D Fresnel index by comparing the profile elevations of landforms with the transverse plane elevations of the Fresnel zone. A 3D Fresnel zone analysis quantitatively analyzes communication stability by calculating a 3D Fresnel index, obtained by comparing the elevations of every terrain cell in a Fresnel zone with the total altitude of the Fresnel zone. The latter produced the most accurate results. Indexes derived by applying different transmitter offset heights, signal frequencies, and DSM resolutions for each of the three methods were then quantitatively analyzed. As both the offset height of the transmitter and the signal frequency decreased, the differences between the results derived from each method increased significantly. Moreover, larger DSM cells generated less accurate results.
Introduction
Viewshed analysis is a representative method for spatial analysis that identifies the visibility of every point on a terrain surface from any observation point and then marks the viewsheds on a raster image [1] . Viewshed analysis is used by various geographic information systems (GIS) such as ArcGIS (Redlands, CA, USA) [2] , GRASS GIS (Bonn, Germany) [3] , and IDRISI (Worcester, MA, USA) [4] . The input geographic data used for a viewshed analysis include digital elevation models (DEMs) [5, 6] or triangulated irregular networks (TINs) [7] [8] [9] . A viewshed analysis generates a discrete visibility map, which expresses communication coverage in a binary mode (visible or invisible), as well as a continuous visibility map that divides a given TIN into visible and invisible parts [10] .
The basic principle of a viewshed analysis is that a Line-of-Sight (LOS) is formed, which connects an observation point with a target point, so that visibility can be evaluated by comparing the LOS altitudes and terrain altitudes of points located between the observation and target points. However, LOS-based viewshed analysis is considered inefficient because it is time-consuming, exhibits errors associated with binary visibility, and requires large amounts of memory space [6, 11] . Various types of Therefore, the aim of this study is to propose an effective 3D Fresnel zone analysis method and to compare it with the two conventional analysis methods used to derive communication viewsheds, which express coverage areas for any transmitter point, from high-resolution digital surface models. This study compares the results of the coverage areas obtained using the three methods (LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis) in the Chungcheonnam-do region of South Korea, and evaluates the coverage areas under different transmitter offset heights, signal frequencies, and digital surface model (DSM) resolutions.
Communication Viewsheds Determined by LOS, 2D Fresnel Zone, and 3D Fresnel Zone Analysis
The Fresnel zone is the zone of LOS signal propagation, which has the shape of an ellipsoid of revolution. It is assumed that both the transmitter and the receiver are located at the focal points of the ellipsoid of revolution [47] , and that there are innumerable Fresnel zones between the transmitter and the receiver [48] . If the difference between the length of the straight line connecting the transmitter and the receiver and the sum of the lengths of straight lines connecting any point on the ellipsoid of revolution with the transmitter and receiver is n • , then the ellipsoid of revolution can be defined by the n-th Fresnel zone [47] . If there is an obstacle, such as a geographic feature, tree, or building, then this obstacle generates an echo, which results in an unstable signal level obtained by the receiver [48] . Accordingly, to achieve stable LOS signal propagation, the volume ratio of an obstacle should be 40% or lower, which is included in a partial Fresnel zone between the surface, and is 0.6 times the radius of the Fresnel zone away from the longitudinal section and the lower surface of the first Fresnel zone [52] . Figure 2 compares the numbers of cells included in 3D Fresnel zones for low-resolution and high-resolution topographic data, respectively. In the low-resolution topographic data, all cells where the LOS contacts the surface grid match those included in the 3D Fresnel zone. However, in the high-resolution topographic data, there is a discrepancy between the cells included in the 3D Fresnel zone and those of the LOS zone; more cells are included in the 3D Fresnel zone. Accordingly, to judge the potential for communication using high-resolution topographic data, a 3D Fresnel zone analysis technique is required that can evaluate communication stability by extracting all cells in 3D Fresnel zones. Conventional methods using low-resolution topographic data cannot accurately identify vegetation that affects signal propagation, which hinders accurate analysis of communication potential. As unmanned aerial vehicles (UAVs) become more common for conducting topographic surveys, high-resolution topographic data can be obtained more conveniently; thus, vegetation is becoming easier to detect in the data [53] [54] [55] [56] . Therefore, we developed a new 3D Fresnel zone analysis method that can utilize high-resolution DSM data to accurately analyze the possibility of communication by considering the impact of vegetation.
In a 2D Fresnel zone analysis, if the terrain altitude of contact points exceeds the upper surface altitude of the 2D partial Fresnel zone, communication is judged to be impossible; otherwise, communication is considered possible. If the altitude of an obstacle does not exceed the upper surface altitude of the 2D partial Fresnel zone, but it exceeds the lower surface altitude, communication between the transmitter and the receiver is possible but communication stability is low due to the obstacle in the partial Fresnel zone. Accordingly, a new 3D Fresnel index system should be able to quantitatively calculate communication stability by considering cell volumes within the 3D partial Fresnel zone.
Principles of LOS, 2D Fresnel Zone, and 3D Fresnel Zone Analysis Methods
The flow chart in Figure 3 shows the respective processes for LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis. Input data for the analysis of the coverage area include a transmitter map showing the location of the transmitter, a receiver map showing the receiving area within the terrain, and a DSM indicating the altitude of the terrain (see Figure 4a ). The transmitter map can include all transmitter points within a study area. Other input data include the heights (m) of the transmitter and the receiver, as well as the frequency of the signal (Hz). When the data have been inputted completely, the property values (e.g., index values) of every cell constituting a raster layer are initialized, and the location of the transmitter is identified on the transmitter map. If there are multiple transmitter points, one transmitter is randomly selected and designated as the current transmitter cell. Similarly, one cell is randomly selected among all cells included in the signal receiving area and designated as the current receiver cell. The altitude of the current transmitter cell is changed to the sum of the terrain altitude and the transmitter height, while the altitude of the Conventional methods using low-resolution topographic data cannot accurately identify vegetation that affects signal propagation, which hinders accurate analysis of communication potential. As unmanned aerial vehicles (UAVs) become more common for conducting topographic surveys, high-resolution topographic data can be obtained more conveniently; thus, vegetation is becoming easier to detect in the data [53] [54] [55] [56] . Therefore, we developed a new 3D Fresnel zone analysis method that can utilize high-resolution DSM data to accurately analyze the possibility of communication by considering the impact of vegetation.
The flow chart in Figure 3 shows the respective processes for LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis. Input data for the analysis of the coverage area include a transmitter map showing the location of the transmitter, a receiver map showing the receiving area within the terrain, and a DSM indicating the altitude of the terrain (see Figure 4a) . The transmitter map can include all transmitter points within a study area. Other input data include the heights (m) of the transmitter and the receiver, as well as the frequency of the signal (Hz). When the data have been inputted completely, the property values (e.g., index values) of every cell constituting a raster layer are initialized, and the location of the transmitter is identified on the transmitter map. If there are multiple transmitter points, one transmitter is randomly selected and designated as the current transmitter cell. Similarly, one cell is randomly selected among all cells included in the signal receiving area and designated as the current receiver cell. The altitude of the current transmitter cell is changed to the sum of the terrain altitude and the transmitter height, while the altitude of the current receiver cell is changed to the sum of the terrain altitude and the receiver height. For these steps, the xy coordinate grid system is used. current receiver cell is changed to the sum of the terrain altitude and the receiver height. For these steps, the xy coordinate grid system is used. 
LOS Analysis
The LOS analysis creates a LOS that connects two cells to judge the possibility of communication between the current transmitter cell and the current receiver cell. A LOS analysis extracts all the points where the LOS contacts the xy coordinate grid (Figure 4b ). The slope comparison method is used to compare the altitude of every contact point with the LOS altitude [6] . The terrain slope between the current transmitter cell and the current receiver cell is calculated using the following equations.
In Equations (1) and (2), D is the distance between the current transmitter cell and the current receiver cell (m), T(x), T(y), T(Elev) indicates the x and y coordinates and the terrain altitude (m) of the current transmitter cell, R(x), R(y), R(Elev) indicates the x and y coordinates and the terrain altitude (m) of the current receiver cell, C is the size of the raster cell (m), θ → is the terrain slope (degrees) between the current transmitter cell and the current receiver cell, and H indicates the 
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In Equations (1) and (2), D is the distance between the current transmitter cell and the current receiver cell (m), T(x), T(y), T(Elev) indicates the x and y coordinates and the terrain altitude (m) of the current transmitter cell, R(x), R(y), R(Elev) indicates the x and y coordinates and the terrain altitude (m) of the current receiver cell, C is the size of the raster cell (m), θ T→R is the terrain slope (degrees) between the current transmitter cell and the current receiver cell, and H indicates the difference in terrain altitude (m) between the current transmitter and the current receiver cell. In Equations (3) and (4), the terrain slope is calculated between the i-th contact point and the current transmitter cell or the current receiver cell. The terrain slope between every calculated contact point and the current transmitter or receiver cell is compared with the terrain slope between the current transmitter and receiver cell in order to calculate the visibility index in Equation (5) (Figure 4c ).
In Equations (3)- (5), P i (D) and P i (θ) are the distance (m) and the terrain slope, respectively, between the i-th contact point and the current transmitter or receiver cell. P i (x), P i (y), and P i (Elev) are the x and y coordinates and terrain altitude (m) of the i-th contact point, respectively. P i (H) is the difference between the terrain altitude of the i-th contact point and the current transmitter or receiver cell (m), n is the number of contact points, CRC l (VI) is the visibility index of the l-th current receiver cell, and q indicates the number of receiver cells within the receiver map. The terrain altitude of each contact point is calculated with bilinear interpolation using the terrain altitudes of four adjacent cells. For details concerning bilinear interpolation, refer to [57] .
2D Fresnel Zone Analysis
Like a LOS analysis, the 2D Fresnel zone analysis extracts every point contacting the xy coordinate grid using the LOS between the current transmitter cell and the current receiver cell (Figure 4d ). To compare all the contact points extracted and the altitude of the upper surface of the 2D partial Fresnel zone, the 3D Fresnel zone equation is defined, which is created between the current transmitter cell and the current receiver cell. A Cartesian coordinate system is introduced to define the 3D Fresnel zone equation.
HMi 3D = 0.5·
Equation (6) is the 3D Fresnel zone, where the radius on the z axis is 0.6 times half the minor axis. In Equations (6)-(9), x, y, and z indicate the x, y, and z axes of the Cartesian coordinate system, respectively. HMa 3D is half the major axis of the 3D ellipsoid of revolution (m) and HMi 3D is half the minor axis of the 3D ellipsoid of revolution (m). The length of the minor axis of the 3D ellipsoid of revolution is obtained using the equation calculating the radius of a Fresnel zone [48] . SD indicates the 2.5D distance (m) between the current transmitter cell and the current receiver cell, and λ is the wavelength of the signal (m). If the current transmitter cell and the current receiver cell do not have the same terrain altitude, an α revolution occurs in the y axis direction and the definition of the Fresnel zone in Equation (6) is replaced by Equation (10) . In Equation (10), α indicates the counterclockwise revolution (radian) observed from the positive y axis to the origin.
The x and y coordinates and terrain altitudes of two end points (E 1 , E 2 ) of the major axis of the 3D ellipsoid of revolution on the xy coordinate grid system are then calculated. The x coordinates (E 1 (x), E 2 (x)) and y coordinates (E 1 (y), E 2 (y)) of the two end points are calculated using half the value of the major axis and half that of the minor axis of the 3D ellipsoid of revolution, the planar angles (radians) between the current transmitter cell, and the current receiver cell on the xy coordinate grid. The terrain altitudes between the two end points (E 1 (Elev), E 2 (Elev)) are calculated with linear interpolation using the terrain altitudes between the current transmitter cell and the current receiver cell. To set the x and y coordinates of E 1 as (0,0) in the Cartesian coordinate system, the Fresnel zone defined by Equation (10) is moved by HMa 3D × cos α parallel to the x axis and −HMa 3D × sin α + E 1 (Elev) parallel to the z axis ( Figure 5 ). The x and y coordinates and terrain altitudes of two end points (E , E ) of the major axis of the 3D ellipsoid of revolution on the xy coordinate grid system are then calculated. The x coordinates (E (x), E (x)) and y coordinates (E (y), E (y)) of the two end points are calculated using half the value of the major axis and half that of the minor axis of the 3D ellipsoid of revolution, the planar angles (radians) between the current transmitter cell, and the current receiver cell on the xy coordinate grid. The terrain altitudes between the two end points (E (Elev), E (Elev)) are calculated with linear interpolation using the terrain altitudes between the current transmitter cell and the current receiver cell. To set the x and y coordinates of E as (0,0) in the Cartesian coordinate system, the Fresnel zone defined by Equation (10) is moved by HMa × cos α parallel to the x axis and −HMa × sin α + E (Elev) parallel to the z axis ( Figure 5 ). The 2D Fresnel index for the current receiver cell is calculated according to the following three stages:
1. The distance between E and every contact point is calculated. In Equation (11), P (D) is the distance (m) between E and the i-th contact point.
2. The upper surface altitude of the 2D partial Fresnel zone at the i-th contact point is calculated by setting P (D) as the x coordinate and 0 as the y coordinate of the 3D Fresnel zone equation. 3. The terrain altitude of every contact point is compared with the upper surface altitude of the 2D partial Fresnel zone to obtain the 2D Fresnel index of the current receiver cell. In Equation (12) , CRC (2DFI) is the 2D Fresnel zone index of the current receiver cell, P (UElev) is the upper surface altitude of the 2D partial Fresnel zone at the i-th contact point, and P (Elev) is the terrain altitude of the i-th contact point (m). The 2D Fresnel index for the current receiver cell is calculated according to the following three stages:
The distance between E 1 and every contact point is calculated. In Equation (11), P i (D) is the distance (m) between E 1 and the i-th contact point.
2.
The upper surface altitude of the 2D partial Fresnel zone at the i-th contact point is calculated by setting P i (D) as the x coordinate and 0 as the y coordinate of the 3D Fresnel zone equation.
3.
The terrain altitude of every contact point is compared with the upper surface altitude of the 2D partial Fresnel zone to obtain the 2D Fresnel index of the current receiver cell. In Equation (12) , CRC l (2DFI) is the 2D Fresnel zone index of the current receiver cell, P i (UElev) is the upper surface altitude of the 2D partial Fresnel zone at the i-th contact point, and P i (Elev) is the terrain altitude of the i-th contact point (m).
3D Fresnel Zone Analysis
Unlike LOS analysis and 2D Fresnel zone analysis, 3D Fresnel zone analysis extracts every cell that is included in the 2D Fresnel zone and projected on the xy plane, using the 3D Fresnel zone created between the current transmitter cell and the current receiver cell (Figure 4f) .
HMi 2D = 0.5·
Equation (13) is for a 3D Fresnel zone, while Equation (14) is for a 2D Fresnel zone, obtained from the 3D Fresnel zone projected on the xy plane of the Cartesian coordinate system. In Equation (14), HMa 2D is half the major axis of the 2D Fresnel zone (m) and HMi 3D is half the minor axis of the 2D Fresnel zone (m). Likewise, in Equation (13), in order to set the x and y coordinates of E 1 as (0,0) in the Cartesian coordinate system, the 3D Fresnel zone defined by Equation (13) is moved by HMa 3D × cos α parallel to the x axis and −HMa 3D × sin α + E 1 (Elev) parallel to the z axis.
The 3D Fresnel index for the current receiver cell is calculated according to the following three stages.
1.
To extract all cells included in the 3D Fresnel zone, the x and y coordinates of all raster cells in the xy coordinate system are converted into those of the Cartesian coordinate system, which has a straight line connecting E 1 and E 2 as the x axis. The converted x and y coordinates are inputted into Equation (14) to determine whether a cell is present in the 3D Fresnel zone ( Figure 5 ).
2.
After extracting only those cells included in the 3D Fresnel zone, the x and y coordinates of the cells are inputted into the 3D partial Fresnel zone and the 3D Fresnel zone equations in order to extract the upper and lower surface altitudes of the 3D partial Fresnel zone at a given cell point (Figure 4g ).
3.
The 3D Fresnel index is calculated by comparing the terrain altitude (m) of the i-th cell included in the 3D Fresnel zone and the upper and lower surface altitudes (m) of the 3D partial Fresnel zone (Figure 4h ,i). The 3D Fresnel index is a real number between 0 and 1.
In Equations (17)- (19) , CRC l (3DFI) is the 3D Fresnel index, n is the number of cells in which the terrain altitudes exceed the upper surface altitude of the 3D partial Fresnel zone, m is the number of cells in which the terrain altitudes lie between the upper and lower surface altitudes of the 3D partial Fresnel zone, and p is the number of cells in which the terrain altitudes are lower than the lower surface altitude of the 3D Partial Fresnel zone. C i (Elev) is the terrain altitude of the i-th cell (m), C i (UElev) and C i (LElev) are the upper and lower surface altitudes (m) of the 3D Partial Fresnel zone at the i-the cell point, respectively, C j (V) is the volume of the j-th cell (m 2 ), and V P is the volume of the 3D partial Fresnel zone (m 3 ).
Based on the calculations for the visibility index, 2D Fresnel index, and 3D Fresnel index of the current receiver cell, the coverage index is calculated using Equation (20) . In Equation (20), CRC l (CI) is the coverage index of the current receiver cell. After calculating the coverage index for the current receiver cell, the index calculation is repeated by designating any receiver cell in the receiver map as the current receiver cell. When this calculation is completed for all receiver cells of the receiver map, the coverage ratio for the current transmitter cell is calculated using Equation (21) . The index for every receiver cell is calculated by designating any transmitter cell in the transmitter map as the current transmitter cell. If the index calculation is completed for every transmitter cell, then index maps with three types of indexes are stored in the receiver cells. According to the three analysis methods, the visibility index map, 2D Fresnel index map, and 3D Fresnel index map are stored, and the number of index maps is equal to that of transmitter cells.
Application of LOS, 2D Fresnel Zone, and 3D Fresnel Zone Analysis

Study Area and Data
The Seokgyo mine of Daesung MDI, located in Damyang-gun, Chungcheonnam-do, South Korea (37 • 8 52" N, 128 • 20 4" E), was selected as the study area in order to apply and compare the three methods for determining coverage area. The study area was a small-scale open mine containing two pits which produce high-grade dolomite. The orthoimage in Figure 6a has a resolution of 8 cm per pixel, and was obtained using Postflight Terra 3D, which was incorporated in a SenseFly eBee drone (fixed-wing UAV) that surveyed the topographical features of the study area. We used a resampled DSM with a resolution of 1 m per pixel (columns × rows: 430 × 400) to calculate the coverage area of the study area with LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis ( Figure 6 ). 
Communication Viewshed Analysis Using the LOS, 2D Fresnel Zone, and 3D Fresnel Zone Methods
As for the locations of transmitters in the study area, T1 was designated for Pit 1, while T2 and T3 were allocated to Pit 2. The signal reception area was set within a pit (Figure 6b ). In addition, the wireless signal frequency was set to 900 MHz (wavelength: 0.333 m) and the heights of the transmitter and receiver were set to 1 m. Figure 7 shows the visibility index maps, 2D Fresnel index maps, and 3D Fresnel index maps of the signal reception area for three transmitters. Table 1 presents coverage ratios based on the analysis results in Figure 7 . The coverage ratio is the ratio between the sum of index values of all cells and the number of all cells in the signal reception area. In the case of T1, the sum of the visibility indexes of all cells obtained from the LOS analysis was 32,347, while the coverage area constituted 33.96% of the signal reception area. The sum of the 2D Fresnel indexes obtained from the 2D Fresnel zone analysis was 21,887, while the coverage area comprised 22.98% of the total area. The sum of the 3D Fresnel indexes obtained from the 3D Fresnel zone analysis was 18,091.61, and the coverage area covered 19.19% of the open pit mine. When the more advanced technique was used to calculate the coverage area, both the sum of indexes and the coverage ratio tended to decrease; this was because the criterion for calculating the possibility of communication became more conservative. 
As for the locations of transmitters in the study area, T1 was designated for Pit 1, while T2 and T3 were allocated to Pit 2. The signal reception area was set within a pit (Figure 6b ). In addition, the wireless signal frequency was set to 900 MHz (wavelength: 0.333 m) and the heights of the transmitter and receiver were set to 1 m. Figure 7 shows the visibility index maps, 2D Fresnel index maps, and 3D Fresnel index maps of the signal reception area for three transmitters. Table 1 presents coverage ratios based on the analysis results in Figure 7 . The coverage ratio is the ratio between the sum of index values of all cells and the number of all cells in the signal reception area. In the case of T1, the sum of the visibility indexes of all cells obtained from the LOS analysis was 32,347, while the coverage area constituted 33.96% of the signal reception area. The sum of the 2D Fresnel indexes obtained from the 2D Fresnel zone analysis was 21,887, while the coverage area comprised 22.98% of the total area. The sum of the 3D Fresnel indexes obtained from the 3D Fresnel zone analysis was 18,091.61, and the coverage area covered 19.19% of the open pit mine. When the more advanced technique was used to calculate the coverage area, both the sum of indexes and the coverage ratio tended to decrease; this was because the criterion for calculating the possibility of communication became more conservative. After using LOS analysis to calculate the coverage areas for transmitters T1, T2, and T3, T1 showed the largest sum of visibility indexes and the highest coverage ratio, while T2 had the lowest values. The 2D Fresnel zone analysis produced the same result; the sum of the 2D Fresnel indexes and the coverage ratio had the largest values at T1 and the lowest values at T2. However, the 3D Fresnel zone analysis showed that the largest values of the sum of the 3D Fresnel indexes and the coverage ratio occurred at T3 and the lowest values occurred at T2. This indicates that, when both vertical and horizontal cells included in the 3D Fresnel zone were considered, communication stability can be more accurately calculated than when only the terrain altitudes of points contacting the LOS are considered in the coverage ratio analysis.
When index maps for T1, T2, and T3 were overlapped to aggregate the index values and calculated coverage ratios, the LOS, 2D Fresnel zone, and 3D Fresnel zone analysis results covered approximately 74.72%, 54.83%, and 48.99% of the signal reception area, respectively.
For some zones of the signal reception area, the three methods were compared in terms of index analysis results for transmitter T1 (Figure 8 ). The analysis results can be classified into three classes. If the value of any cell was zero, then both methods generated the same communication possibility for the cell. If the value of any cell was 1, one method judged that the communication was possible, After using LOS analysis to calculate the coverage areas for transmitters T1, T2, and T3, T1 showed the largest sum of visibility indexes and the highest coverage ratio, while T2 had the lowest values. The 2D Fresnel zone analysis produced the same result; the sum of the 2D Fresnel indexes and the coverage ratio had the largest values at T1 and the lowest values at T2. However, the 3D Fresnel zone analysis showed that the largest values of the sum of the 3D Fresnel indexes and the coverage ratio occurred at T3 and the lowest values occurred at T2. This indicates that, when both vertical and horizontal cells included in the 3D Fresnel zone were considered, communication stability can be more accurately calculated than when only the terrain altitudes of points contacting the LOS are considered in the coverage ratio analysis.
For some zones of the signal reception area, the three methods were compared in terms of index analysis results for transmitter T1 (Figure 8 ). The analysis results can be classified into three classes. If the value of any cell was zero, then both methods generated the same communication possibility for the cell. If the value of any cell was 1, one method judged that the communication was possible, but the other method did not. Finally, if the value of any cell was a real number between 0.0 and 1.0, then the respective method judged that communication was possible, while the 3D Fresnel zone analysis produced a 3D Fresnel index of 1.0 or below due to unstable communication. The largest difference occurred between the LOS analysis and the 3D Fresnel zone analysis (Figure 8c ). In the remaining two cases, a difference was observed between the index analysis results. 
Communication Viewshed Analysis with Different Transmitter Offset Height Thresholds
The signal frequency and the receiver height were fixed at 900 MHz and 1 m, respectively. The coverage areas were calculated by applying different heights to T1 using the three methods. Figure 9 shows the index maps obtained from each method by applying offset heights of 1 m, 5 m, and 7 m for transmitter T1. When the offset height of the transmitter was set to a lower value, the three methods returned greater differences in communication possibility. The communication stability was calculated as low in most cells in the 3D Fresnel index map. The 3D Fresnel zone analysis showed the highest sensitivity to the transmitter offset height, followed by the 2D Fresnel zone analysis and the LOS analysis. This is because, as transmitter height decreases, the effect of terrain features upon the 3D Fresnel zone between the transmitter and the receiver increases, which results in lower communication stability. Table 2 presents the sum of the indexes of all cells analyzed in Figure 9 , as well as the coverage ratios for the signal reception area. As the offset height of a transmitter increased, both the sums of the indexes and the coverage ratios calculated by the three methods tended to increase. The coverage ratio obtained from the 3D Fresnel zone analysis increased by approximately 10% when the offset height of the transmitter increased from 1 m to 7 m. 
The signal frequency and the receiver height were fixed at 900 MHz and 1 m, respectively. The coverage areas were calculated by applying different heights to T1 using the three methods. Figure 9 shows the index maps obtained from each method by applying offset heights of 1 m, 5 m, and 7 m for transmitter T1. When the offset height of the transmitter was set to a lower value, the three methods returned greater differences in communication possibility. The communication stability was calculated as low in most cells in the 3D Fresnel index map. The 3D Fresnel zone analysis showed the highest sensitivity to the transmitter offset height, followed by the 2D Fresnel zone analysis and the LOS analysis. This is because, as transmitter height decreases, the effect of terrain features upon the 3D Fresnel zone between the transmitter and the receiver increases, which results in lower communication stability. Table 2 presents the sum of the indexes of all cells analyzed in Figure 9 , as well as the coverage ratios for the signal reception area. As the offset height of a transmitter increased, both the sums of the indexes and the coverage ratios calculated by the three methods tended to increase. The coverage ratio obtained from the 3D Fresnel zone analysis increased by approximately 10% when the offset height of the transmitter increased from 1 m to 7 m. ISPRS Int. J. Geo-Inf. 2018, 7, x FOR PEER REVIEW 14 of 22 
Communication Viewshed Analysis with Different Frequency Thresholds
The coverage area of transmitter T1 was analyzed by fixing the offset height of the transmitter at 3 m and applying different signal frequencies. The frequency bands used for the analysis were 433 MHz (wavelength: 0.629 m), 2.4 GHz (wavelength: 0.125 m) and 5 GHz (wavelength: 0.06 m) for wireless communication. Figure 10 shows the index maps analyzed using the three methods for T1 at signal frequencies of 433 MHz, 2.4 GHz, and 5 GHz. Because the LOS analysis did not consider any signal frequency, the same visibility index was created in every frequency range. In the 2D Fresnel index map and the 3D Fresnel index map, the lower the signal frequency, the lower the coverage ratio. When the signal frequency was set to a low level, the wavelength increased; thus, both the radius and size of the Fresnel zone increased, which also increased the horizontal cells included in the 3D Fresnel zone. Moreover, the upper surface altitudes of the 2D and 3D partial Fresnel zones were lowered, which made the criterion for communication potential more conservative. On the other hand, when the signal frequency was set to a high level, the wavelength decreased; thus, both the radius and the size of the Fresnel zone decreased, which also decreased the horizontal cells included in the 3D Fresnel zone. In other words, when a higher frequency was set, the criterion for communication potential became more relaxed. 
The coverage area of transmitter T1 was analyzed by fixing the offset height of the transmitter at 3 m and applying different signal frequencies. The frequency bands used for the analysis were 433 MHz (wavelength: 0.629 m), 2.4 GHz (wavelength: 0.125 m) and 5 GHz (wavelength: 0.06 m) for wireless communication. Figure 10 shows the index maps analyzed using the three methods for T1 at signal frequencies of 433 MHz, 2.4 GHz, and 5 GHz. Because the LOS analysis did not consider any signal frequency, the same visibility index was created in every frequency range. In the 2D Fresnel index map and the 3D Fresnel index map, the lower the signal frequency, the lower the coverage ratio. When the signal frequency was set to a low level, the wavelength increased; thus, both the radius and size of the Fresnel zone increased, which also increased the horizontal cells included in the 3D Fresnel zone. Moreover, the upper surface altitudes of the 2D and 3D partial Fresnel zones were lowered, which made the criterion for communication potential more conservative. On the other hand, when the signal frequency was set to a high level, the wavelength decreased; thus, both the radius and the size of the Fresnel zone decreased, which also decreased the horizontal cells included in the 3D Fresnel zone. In other words, when a higher frequency was set, the criterion for communication potential became more relaxed. Figure 11 calculates the differences between the visibility index, the 2D Fresnel index, and the 3D Fresnel index of cells in selected zones on the index maps, which were analyzed according to different frequency thresholds. For each frequency threshold, the greatest difference was observed between the visibility index and the 3D Fresnel index. Considering all cells in the study area, the index difference was the highest at the frequency threshold of 433 MHz (see Figure 12 ). When the signal frequency was set to a higher value, the index difference of the cells gradually decreased. This was because the size of the Fresnel zone became smaller at higher frequencies and the LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis exhibited increasingly criteria for communication potential. Figure 11 calculates the differences between the visibility index, the 2D Fresnel index, and the 3D Fresnel index of cells in selected zones on the index maps, which were analyzed according to different frequency thresholds. For each frequency threshold, the greatest difference was observed between the visibility index and the 3D Fresnel index. Considering all cells in the study area, the index difference was the highest at the frequency threshold of 433 MHz (see Figure 12 ). When the signal frequency was set to a higher value, the index difference of the cells gradually decreased. This was because the size of the Fresnel zone became smaller at higher frequencies and the LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis exhibited increasingly criteria for communication potential. 
Communication Viewshed Analysis with Different DSM Resolutions
The communication stability for transmitter T1 was identified using 3D Fresnel zone analysis. When the offset height of the transmitter was fixed at 3 m, the offset height of the receiver was fixed at 1 m and the signal frequency was fixed at 900 MHz, however, different DSM resolutions were applied. The orthoimage of the study area, which was obtained using an UAV, was resampled to create a DSM with resolutions of 0.25 m, 0.5 m, 2 m, 4 m, and 8 m. High-resolution DSMs with pixel sizes of 0.25 m, 0.5 m, 1 m, and 2 m were used to calculate communication stability; each of the results of the 3D Fresnel index map analysis were consistent. On the other hand, the 3D Fresnel index maps that used DSMs with low resolutions of 4 m and 8 m produced inaccurate results. Accordingly, if communication stability is calculated using 3D Fresnel zone analysis, then high-resolution topographical data will produce more accurate results (see Figure 13) . 
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Limitations of Communication Viewsheds and Future Works
In the field of communications, the stability of radio signal propagation and the signal coverage area are quantitatively estimated using LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis for determining the optimal transmitter placement and for designing wireless communication systems on-site [58] [59] [60] . However, in practice, electromagnetic phenomena such as attenuation of the wireless signal, the diffraction of ultra-high frequency signals, and surface reflection may make it difficult to stabilize signal propagation between the transmitter and the receiver [61] [62] [63] . For these reasons, it is difficult to generate a theoretical signal coverage area that corresponds with the coverage area obtained in the field. As a result, significant uncertainty may exist regarding the design of wireless communication systems and their respective performance. 
In the field of communications, the stability of radio signal propagation and the signal coverage area are quantitatively estimated using LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis for determining the optimal transmitter placement and for designing wireless communication systems on-site [58] [59] [60] . However, in practice, electromagnetic phenomena such as attenuation of the wireless signal, the diffraction of ultra-high frequency signals, and surface reflection may make it difficult to stabilize signal propagation between the transmitter and the receiver [61] [62] [63] . For these reasons, it is difficult to generate a theoretical signal coverage area that corresponds with the coverage area obtained in the field. As a result, significant uncertainty may exist regarding the design of wireless communication systems and their respective performance.
Therefore, in order to estimate the exact signal coverage area of a site through LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis, it is necessary to have a precise understanding of the various electromagnetic phenomena that occur when radio signals propagate between the transmitter and the receiver. Furthermore, it is imperative to improve existing GIS-based communication viewshed analysis methods for an accurate signal coverage area analysis that accounts for electromagnetic phenomena. In the future, further site investigation and empirical data acquisition are required to validate the 3D Fresnel zone analysis method. In addition, it would be interesting to analyze the effects of electromagnetic phenomena on the stable LOS signal propagation and develop an advanced 3D Fresnel zone analysis method that considers various electromagnetic phenomena.
Conclusions
This study compared the performance of LOS analysis, 2D Fresnel zone analysis, and 3D Fresnel zone analysis for extracting communication viewsheds from high-resolution topographic data. The three methods were applied to calculate coverage ratios for the study area under different transmitter offset heights and signal frequencies. As the offset height and signal frequency decreased, the difference between the results of the three methods tended to increase. When the communication potential was calculated according to different DSM resolutions, the 3D Fresnel zone analysis using higher resolution topographical data produced more accurate and reasonable results.
The 3D Fresnel zone analysis method proposed in this study can accurately analyze coverage areas by employing high-resolution topographical data and accounting for vegetation, which greatly influences communication stability. In addition, the proposed method can quantitatively calculate communication stability by considering all horizontal and vertical terrain cells included in the 3D Fresnel zones.
The receiver map, which is necessary input data for 3D Fresnel zone analysis, can be customized by considering land-use maps or risk maps. Moreover, if there are transmitters with different communication roles in an area, different signal reception areas can be defined according to the type of transmitter. A 3D Fresnel zone analysis can be utilized to determine optimal transmitter locations because it quantitatively compares the sum of the 3D Fresnel indexes of all cells in the receiver map with coverage ratios. Because communication stability is calculated by overlapping 3D Fresnel index maps, which are then analyzed for multiple transmitters, it is possible to estimate the optimal number and the best combination of transmitters.
To improve the computational efficiency of 3D Fresnel zone analysis, the following enhancements are required: (1) a solution to the time-consumption problem through the application of the latest viewshed techniques, such as GPU parallel processing [22] [23] [24] 27] ; (2) the efficient application of a large high-resolution DSM processing algorithm [29] ; (3) the application of a visibility analysis technique which considers vegetation in the DSM [64, 65] ; and (4) the consideration of the sampling order of cells included in 3D Fresnel zones [66] [67] [68] . 
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